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FOREWORD 

This  technical  report  was  prepared  by  N.  T.  McDevitt  and  W.  L.  Baun 
of  the  Mechanics  and  Surface  Interactions  Branch,  Nonmetallic  Materials 
Division,  Materials  Laboratory,  Air  Force  Wright  Aeronautical 
Laboratories.  The  work  was  initiated  under  Project  2303,  "Surface 
Phenomena"  and  WUD  #50,  "Surface  and  Interface  Properties,"  monitored  by 
Dr.  T.  W.  Haas. 

This  report  covers  work  performed  in-house  during  the  period  January 
1982  to  December  1982. 

The  authors  are  grateful  to  Mr.  Gary  Griffin  for  his  technical 
assistance  with  the  computer  program. 
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SECTION  I 
INTRODUCTION 

Optical  methods  have  for  a  long  time  been  extensively  employed  in 
surface  studies  and  one  of  the  more  sensitive  techniques  used  in  this 
field  is  ellipsometry.  Ellipsometry  is  virtually  the  only  method  for 
the  direct  determination  of  the  optical  constants  of  a  large  number  of 
materials,  and  for  the  detection  and  quantitative  thickness  measurement 
of  films  deposited  on  these  materials.  The  mathematical  equations  used 
in  ellipsometry  were  formulated  at  the  end  of  the  last  century;  however, 
due  to  the  cunbersome  trigonometric  equations  involved  in  the  analyses 
of  these  data,  the  technique,  through  the  use  of  computers,  has  only 
been  utilized  in  the  last  decade.  This  particular  study  was  mainly 
accomplished  through  the  use  of  McCrackin's  (Reference  1)  computer 
program  for  ellipsometry. 

In  principle,  ellipsometry  involves  directing  a  monochromatic  beam 
of  linearly  polarized  light,  at  oblique  incidence,  onto  a  clean,  flat 
reflecting  surface  and  analyzing  the  state  of  polarization  of  the 
reflected  beam.  We  can  be  a  little  more  specific  by  referring  to  Figure 
1.  The  plane  polarized  light  has  been  rotated  into  s  and  p  components, 
where  the  s  component  vibrates  perpendicular  to  the  plane  of  incidence 
and  the  p  component  parallel  to  it.  The  interaction  of  this  light  beam 
with  a  surface  is  unique  and  computation  of  the  differing  phase  and 
amplitude  of  the  orthogonal  components  enables  the  optical  constants  of 
a  material  to  be  determined.  However,  the  application  of 
electromagnetic  theory  to  the  reflection  of  light  from  materials 
containing  free  electrons  requires  the  use  of  a  complex  refractive 
index.  The  free  electrons  cause  an  absorption  of  the  incident  light  and 
the  complex  portion  of  the  refractive  index  is  justified  by  the  fact 
that  the  imaginary  part  permits  an  easier  solution  to  the  absorption 
problem.  The  complex  refractive  index  n  is  usually  written  n  =  n-ik. 
Both  n  and  k  are  positive  numbers  with  the  negative  sign  an  arbitrary 
choice  for  the  direction  of  propagation  of  the  electromagnetic  wave. 
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Interaction  of  light  with  this  same  surface  when  it  is  covered  with 
a  continuous,  transparent  (to  the  wavelength  of  light  used)  isotropic 
film  is  also  unique,  and  often  allows  for  the  determination  of  the 
thickness  of  the  film  or  its  refractive  index.  In  the  case  of  a  non¬ 
absorbing  film  or  substate,  k  will  be  zero  and  the  film  or  substrates 
optical  constant  will  be  designated  only  by  n. 

Our  interest  in  ellipsometry  is  aimed  at  the  study  of  thin  films  on 
semiconductors,  in  particular  gallium  arsenide  (GaAs).  Ellipsometry 
appears  quite  suitable  for  the  study  of  these  films  for  several  reasons: 
(1)  it  is  nondestructive  by  nature;  (2)  it  can  be  utilized  at  ambient 
conditions;  and  (3)  substrates  can  be  studied  under  realistic  processing 
procedures. 

Thin  films  on  semiconducting  or  semi-insulating  GaAs  are  essential 
in  device  and  circuit  fabrication,  particularly  in  FET  (Field  Effect 
Transistors)  devices.  These  films  help  establish  the  appropriate 
properties  of  the  GaAs  surface  for  fabrication  purposes.  The 
determination  of  whether  the  GaAs  surface  is  clean  or  contains  a  film, 
and  the  thickness  of  the  film,  is  an  important  aspect  of  this 
technology.  The  main  emphasis  of  this  report  will  be  on  the  optical 
characteristics  of  the  <100>  surface  of  the  GaAs  and  the  affects 
dielectrics  and  metal  overlayers  have  on  these  properties. 
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SECTION  II 
EXPERIMENTAL 

A  Rudolph  ellipsoraeter  (Model  43702)  was  used  for  this  study.  The 
experimental  details  are  described  in  a  previous  report  (Reference  2). 

A  mercury  light  source  was  used  (546. Inm)  and  all  measurements  were 
performed  at  an  angle  of  incidence  of  70°.  Extinction  points  were 
obtained  from  the  polarizer  and  analyzer  settings  in  Zones  1  and  3.  All 
computations  were  performed  on  a  PRIME  550+  computer.  The  program  is 
capable  of  performing  nine  different  ell ipsometric  computations.  Our 
main  use  of  the  program  in  this  study  was  centered  on  the  computation  of 
delta  and  psi  for  the  purpose  of  studying  the  refractive  index  and  film 
thickness  of  semiconductor  materials. 

All  of  the  semi-insulating  GaAs  wafers  used  in  this  study  were 
obtained  commercially.  The  wafers  were  cut  from  boules  grown  by  the 
liquid  encapsulated  Czochralski  process.  The  polished  wafers  are  50mm 
in  diameter,  0.5mm  thick,  and  are  oriented  on  the  <100>  plane.  No  dopants 
were  added  intentionally. 
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SECTION  III 
PROCEDURE 

It  is  necessary  to  have  access  to  a  computer  to  facilitate  the 
computation  of  the  el  1 i psometr ic  data.  Also  it  must  be  remembered  that 
the  foundation  of  ellipsometry  is  buried  deeply  in  theoretical  models. 
These  models  require  the  surface  of  the  substrate  to  be  optically  smooth 
and  film  free  to  obtain  a  true  refractive  index.  The  film  must  be 
optically  isotropic,  homogeneous,  and  transparent  to  the  wavelength  of 
the  light  source.  The  light  source  has  to  be  monochromatic.  Other 
problems  that  may  arise,  such  as  precision  of  measurement  or  instrumental 
errors,  can  be  found  in  the  literature  (References  3-6).  Consequently, 
data  acquisition  from  real  surfaces  still  leaves  the  interpretation 
aspect  of  the  computed  data  fairly  subjective. 


In  this  report  we  will  be  dealing  primarily  with  the  el  1 i psometric 
parameters  delta  and  psi  and  their  dependence  on  the  values  of  the 
refractive  index  of  the  substrate  (n^),  the  imaginary  part  ^nd 

the  thickness  (d)  of  the  film.  All  of  these  are  referenced  to  an  angle 
of  incidence  of  70""  and  546. Inm  incident  light.  As  mentioned  previously, 
the  complex  refractive  index  is  written 


i  k 


(1) 


where  k  is  usually  referred  to  as  the  extinction  coefficient.  However, 
s 

the  input  into  the  computer  program  we  are  using  will  not  take  the  value 
of  the  extinction  coefficient  (k  ),  rather  it  requires  the  parameter 
called  the  absorption  coefficient  is  related  to  k^  by  the 

fol 1 owi ng : 


k  =  ^ 
s  n 


(2) 


the  complex  refractive  index  may  then  be  written  as 


n  =  n  (1-ik  ) 
s  s  s^ 


(3) 


Hereafter,  this  report  will  always  use  k^  when  referring  to  the  imaginary 
part  of  the  refractive  index. 
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El  1 i psometry  is  noted  for  its  sensitivity  to  changes  in  the  surface 
of  materials.  The  sensitivity  of  the  technique  can  be  estimated  from 
the  following  equation  that  defines  the  penetration  depth  of  the  light  as 


d 

P 


X 


* 


47Tn 


k 

s  s 


(4) 


the  distance  of  penetration  into  the  material  which  is  measured  in  a 

★ 

direction  normal  to  the  surface  and  is  dependent  on  the  product  of 
For  light  of  546lA,  and  several  values  obtained  from  the  literature  for 

■k 

n^  and  for  gallium  arsenide,  the  calculated  penetration  depth  will  be 
between  800  and  lOOOA. 
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SECTION  IV 
RESULTS 


I.  DIELECTRIC  FILMS 

El  1  ipsometric  measurements  were  per'*'^rmed  on  five  semi -i nsul ati ng 
gallium  arsenide  wafers.  These  wafers  were  cut  from  the  same  boule. 

Delta  and  psi  values  were  obtained  from  five  areas  on  each  two  inch 
wafer.  These  experimental  data  points  are  plotted  (solid  dots)  on  the 
graph  (Figure  2).  The  grid  shown  in  Figure  2  was  computer  generated.  It 
was  formed  by  using  a  series  of  n  and  k*  values  for  gallium  arsenide 
which  were  obtained  from  the  literature.  Each  intersection  on  the  grid 
represents  a  delta-psi  value  that  would  be  obtained  from  a  film-free 
surface  (d=o).  The  spread  of  the  data  points  is  small  and  indicates  the 
surfaces  of  the  wafers  are  optically  homogeneous.  Because  of  the  small 
spread  in  the  data  we  can  see  from  the  graph  that  a  reasonable  average 
value  for  these  points  would  be  n^  =  3,98(1 -iO. 14) .  However,  every 
gallium  arsenide  wafer,  under  ambient  conditions,  will  have  a  film  on  the 
surface.  The  refractive  index  obtained  from  the  graph  will  then  be  an 
apparent  refractive  index  and  not  represent  a  film-free  surface.  In 
order  to  accurately  obtain  the  thickness  of  a  film  on  a  surface  the 
refractive  index  of  the  film-free  surface  must  be  known  with  some 
accuracy.  This  usually  requires  the  measurement  of  the  optical  constants 
of  a  film-free  surface  while  in  an  ultra-high  vacuum  environment.  Other 
difficulties  involved  in  this  type  of  measurement  are  the  possible 
damage  to  the  surface  while  removing  the  ambient  film  while  under  vacuum, 
and  the  presence  of  the  windows  of  the  chamber  between  the  light  source, 
sample,  and  detector. 

The  following  el  1 Ipsometric  method  is  proposed  as  an  easy  and  quick 
determination,  under  ambient  conditions,  to  obtain  the  optical  constants 
of  a  film-free  surface.  However,  we  are  not  proposing  that  this  method 
is  capable  of  predicting  the  absolute  value  of  a  film-free  surface,  but 
only  a  method  to  obtain  the  refractive  index  of  a  reasonably  film-free 
surface  of  a  particular  substrate  being  studied. 
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Figure  2.  Computed  Delta  and  Psi  Relation  for  Various  Complex  Refractive 
Irdex  Values  of  GaAs  at  Zero  Film  Thickness 
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It  has  been  shown  empirically  that  a  nonabsorbing  film  on  an  absorbing 

substrate  will  lower  the  value  of  the  real  part  of  the  refractive  index 

while  increasing  the  value  of  the  imaginary  part.  Taking  this  into 

consideration  and  knowing  that  the  data  in  Figure  2  represents  a  film 

covered  surface,  we  can  obtain  the  optical  constant  of  a  surface  with  a 

thinner  film  by  moving  to  the  right  on  the  grid  in  Figure  2.  Arbitrarily, 

we  chose  the  next  intersection  on  the  grid  and  read  n^  =  4.04(l-i0.1 ) . 

We  can  now  generate  another  set  of  curves  in  the  following  manner.  Since 
★ 

k  is  very  small  compared  to  n  ,  delta  and  psi  values  will  be  insensitive 
to  small  changes  in  k^.  Curves  may  then  be  obtained  by  varying  the  real 
part  of  the  refractive  index,  4.04+3%,  and  keeping  the  imaginary  part  (0,1) 

O 

constant.  The  film  growth  will  be  0  to  50A  with  a  refractive  index, 
n^  =  1.90.  With  a  film  of  this  thickness  the  refractive  index  can  vary 
by  +5%  and  no  error  will  be  introduced  into  the  readings  (Figure  3). 

From  the  above  data  a  second  grid  can  be  constructed  as  shown  in  Figure  4. 
Plotting  the  experimental  data  on  this  graph  (solid  points)  show  the  GaAs 
wafers  to  have  a  film  approximately  1 5A  thick  with  the  optical  constants 
for  the  film-free  surface  being  4.04(l-i0.1 ) .  Further  indications  show 
in  Figure  4  that  we  have  a  reasonable  value  for  n^  which  can  be  seen  by 
the  position  of  the  open  dots.  These  data  points  represent  delta-psi 
values  for  several  of  the  wafers  after  they  have  been  chemically  etched. 

The  points  indicate  that  some  of  the  original  surface  film  has  been 
removed.  These  same  wafers  were  subjected  to  a  study  by  X-ray  photoelectron 
spectroscopy  and  the  corrected  cross  sections  for  the  Is  line  of  oxygen 
and  the  Auger  LMM  line  of  gallium  indicating  only  a  small  amount  of  oxygen 
is  present  on  the  surface. 

By  this  comparison  between  the  experimental  data  points  and  the 
calculated  delta-psi  grid  diagrams,  formed  by  varying  the  real  part  of 

O 

the  refractive  index  (4.04+3%)  for  a  50A  film,  we  have  demonstrated  a 
method  that  should  reveal  the  optical  constants  of  a  film-free  substrate 
that  are  within  the  experimental  error  range  of  the  unique  value.  The 
rest  of  the  film  data  presented  in  this  report  will  be  referenced  to  the 
substrate  optical  constant  obtained  from  Figure  4  where  n^  =  4 .04(1 -iO .1 ) . 
The  assumption  that  the  GaAs  surface  has  a  continuous  film  under  ambient 
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Figure  4.  Computer  Generated  Delta  and  Psi  Grid  for  GaAs  for  Film 
Thicknesses  to  50A 
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condlttons  seems  valid  when  compared  to  the  work  (Reference  7)  reported 
on  GaAs  at  reduced  pressures  of  oxygen  where  coverage  is  obtained  around 
three  monolayers.  The  stoichiometry  of  the  film  may  be  ^®2®3 

GaAsO.  but  when  dealing  with  a  thin  film  these  differences  are  not  crucial 
(Figure  3)  to  this  procedure.  We  also  assumed  that  =  0,  however,  the 
film  may  be  slightly  absorbing  and  the  variations  of  delta  and  psi  for 
thin  films  will  not  be  large  enough  (Figure  5)  to  make  this  procedure 
inval id. 

When  a  value  has  been  established  for  a  particular  surface  then 

delta  and  psi  curves  may  be  calculated  for  thicker  films.  Figure  6  shows 

the  effect  the  refractive  index  of  various  films  will  have  on  the 

substrate  being  studied.  A  film  with  an  index  of  2.50  on  this  substrate 

will  lose  its  sensitivity  with  the  psi  parameter  and  will  require  a  fit 

primarily  with  the  delta  parameter.  These  curves  were  calculated  using 

n  =  4.04(l-i0.1 ) ,  keeping  the  real  part  of  the  film  refractive  index 
s  * 

constant  and  k^  =  0,  while  varying  the  thickness  of  the  film.  Figure  7 
shows  a  similar  series  of  curves  for  films  that  are  commonly  used  or 
found  on  GaAs.  The  film  was  calculated  for  a  film  of  1600A.  Values  for 
these  films  and  several  others  are  presented  in  Tables  1-5.  The  delta 
and  psi  values  will  repeat  themselves  after  an  increment  of  one  wavelength 
of  the  light  source  used.  This  type  of  curve  is  considered  closed. 
Comparison  of  delta  with  film  thickness  for  a  system  of  Ga2®3 
shown  in  Figure  8.  This  figure  shows  the  repeat  pattern  of  a  closed 
curve. 

2.  EPITAXIAL  FILMS 

Ternary  and  quaternary  compounds  are  becoming  increasingly  important 
as  CVD  films  on  GaAs.  Problems  that  are  usually  encountered  in  this  type 
of  film  growth  f  ‘e  lattice  mismatch  and  dislocations.  The  use  of 
ellipsometry  in  connection  with  vapor-phase  film  growth  has  been  studied 

(Reference  8).  Most  of  these  films  will  have  some  free  electron  character, 

* 

thus  k^  ^  0.  When  films  become  slightly  absorbing  the  effect  of  the 
substrate  on  the  reflected  light  becomes  less  pronounced  as  the  film 
becomes  thicker.  The  delta  and  psi  curves  will  no  longer  be  closed 
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Computer  Genera 


Relationship  of  Delta  and  Psi  for  Films  of  Varying  Refractive 
Index  on  GaAs  for  Thicknesses  up  to  2400X 


Figure  7.  Relationship  of  Delta  and  Psi  for  Dielectric  Films  on  GaAs 
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for  this  type  of  film.  The  delta  and  psi  values  will  approach  the  values 
representative  of  the  bulk  film  with  increasing  film  thickness.  This 
type  of  curve,  shown  in  Figure  9,  is  calculated  for  GaAlAs/GaAs  where 
=  4.2(1 -iO. 067) .  A  comparison  of  delta  and  thickness  values  for  this 
system  (Figure  10)  shows  a  dampened  curve  as  the  substrate  becomes 
increasingly  obscured  by  the  film.  The  magnitude  of  the  absorption 
character  of  the  film  would  determine  the  usefulness  of  ellipsometry  for 
each  epitaxial  film  studied.  For  the  film  data  shown  in  Figure  10 

O 

information  could  be  reasonably  obtained  from  a  200A  film  and  possibly 

o 

up  to  600A.  Thicker  films  would  become  increasingly  difficult  to 
interpret  using  null  ellipsometry. 

3.  METAL  FILMS 

The  use  of  ellipsometry  in  connection  with  programs  dealing  with 

contacts  and  interconnects  on  compound  semiconductors  was  reviewed.  A 

short  study  was  performed  looking  at  a  small  number  of  metal  films  on 

* 

GaAs.  The  absorption  character  (k^)  of  metallic  films  is  usually 

greater  than  0.25.  The  limitation  of  the  sensitivity  of  ellipsometry 

★ 

will  depend  primarily  on  the  value  of  k^  of  each  film  studied.  Knowing 
this  limitation  will  be  an  important  aspect  of  a  study  concerning  metal 
films.  The  metal  films  looked  at  in  this  study  were,  nickel  1 .4-(l -il .8) , 
gold  0.43(l-i5.12) ,  and  germanium  5.46(l-i0.32) .  The  delta  and  psi 
curves  (Figure  11)  are  characteristic  of  metal  films  and  show  an  entirely 
different  response  when  compared  to  dielectric  and  epitaxial  films. 

o 

These  data  were  generated  for  400A  thick  films  and  a  comparison  of  delta 
and  thickness  is  reported  in  Figure  12.  Sensitivity  for  the  GaAs  surface 
will  become  obscure  for  nickel  and  gold  around  15oA,  while  germanium 

O 

films  may  be  studied  to  300A.  However,  the  germanium  film  will  suffer 
in  sensitivity  where  the  maximum  occurs  in  the  curve. 
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SECTION  V 

DISCUSSION  AND  SUMMARY 

El  1 ipsometric  data  has  been  obtained  from  a  number  of  commercially 

prepared  gallium  arsenide  wafers.  The  wafers  were  50mm  in  diameter  and 

had  a  polished  surface.  The  optical  constants  were  measured  from  the 

as-received  surfaces.  A  grid  procedure  consisting  of  the  as-received 

★ 

delta  and  psi  readings  and  literature  values  for  n^  and  is  proposed 
for  finding  the  optical  constants  of  a  film-free  surface. 

Using  the  optical  constant  for  the  film-free  surface  a  series  of 
experimental  and  computer  studies  were  performed  for  dielectric,  epitaxial, 
and  metal  films  on  gallium  arsenide.  When  dealing  with  very  thin 
dielectric  films,  good  fits  can  be  obtained  between  observed  and  calculated 
data  giving  a  reasonable  measure  of  film  thickness.  However,  the  optical 
constants  for  these  thin  films  cannot  be  obtained  with  any  accuracy  by 
ell ipsometry,  because  delta  and  psi  approach  the  same  values  regardless 
of  the  optical  constants  of  the  film  as  the  thickness  tends  towards  zero. 


27 


AFWAL-TR-83-4034 


REFERENCES 


1.  F.  McCrackin,  A  Fortran  Program  for  Analysis  of  Ellipsometer 
Measurements,  Natl.  Bur.  of  Std,  Technical  Note  479,  U.S.  Government 
Printing  Office,  Washington  D.  C.  (1969), 

2.  N.  T.  McDevitt,  Air  Force  Materials  Laboratory,  Technical  Report 
AFML-TR-73-245,  January  1974,  Wright-Patterson  AFB,  Ohio. 

3.  E.  Schmidt,  J.  Opt,  Soc .  Am.  60,  490(1970). 

4.  F.  L.  McCrackin,  J.  Opt.  Soc,  Am.  60,  57(1970). 

5.  R.  J.  Archer  and  C.  V.  Shank,  J.  Opt.  Soc,  Am.  57,  191(1967). 

6.  H.  T.  Yolken,  R.  M.  Waxier,  and  J.  Kryger,  J.  Opt.  Soc.  Am  57, 
283(1967). 

7.  I.  Lindau  and  W.  E.  Spicer,  in  "Electron  Spectroscopy:  Theory, 
Techniques  and  Applications,"  C.  Brundle  and  A.  Baker,  Eds.,  Vol .  4, 
Chapter  4,  Academic  Press,  New  York  1981. 

8.  J.  B.  Theeten,  Surface  Sci.  96,  275(1980). 


28 


14 


